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ABSTRACT
Metal toxicity is often associated with inflammatory diseases and carcinogenesis. Various metal compounds have the
capacity to induce DNA damage and elicit epigenetic changes that contribute to cell transformation and cancer.
Understanding the altered pathways elicited by these metals and metal compounds aid in the preventative care as well
as establishment of therapy regimens. As the ambient environment becomes contaminated with these toxic metals,
studies have also demonstrated a growing capacity of metals designated as carcinogens to also exhibit neurotoxicity.
The brain is often thought as a protected organ within the confines of the skull and protected from foreign
substances by the blood brain barrier. Unfortunately, carcinogenic metals exist as compounds conferring their ability
to enter the brain and accumulate, and in many instances they do so by destroying the blood brain barrier. The
presence and accumulation of these pernicious compounds activates pathways that alter neurochemistry that support
cognitive and motor function.
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INTRODUCTION

Chromate, nickel, cadmium and arsenic compounds are well
established human carcinogens [1]. Studies have shown that all
of these carcinogens can induce lung cancer in humans. Arsenic,
cadmium and chromate appear to have induced a broader
spectrum of cancers compared to nickel compounds. However,
this may be due to the more numerous studies with those
compounds compared to studies focusing on nickel compounds.
Chromium is a pervasive environmental contaminant that is of
great importance because of its toxicity. There is metallic Cr,
Cr(III) and Cr+6. Cr(III) is about 1000 times less toxic than
Cr(VI) and Cr(III) is the major form found naturally, but Cr+6
in our environment is usually a result of human activity[2].
There have been many cases of humans being poisoned by
environmental Cr+6 in drinking water and also occupationally
in chrome platers, tanning of leather and its use as an antirust
agent and wood preservative [2]. Hexavalent chromium is
classified as a group 1 carcinogen with multiple complex
mechanisms by which it triggers cancer development [2].
Increased levels of oxidative stress, chromosome breaks, and
DNA-adduct formation are some of the major mechanisms by
which Cr(VI) causes cellular damage [3]. Chromate resembles
sulfate and phosphate and for that reason is transported into

cells and distributes to all tissues in the body including the brain
[2,4]. Once inside the cell it is converted rapidly to Cr(III) and
oxidative stress results from this conversion as well as Cr(III)
reaction with DNA and protein are responsible for it
intracellular toxicity. Assessing human exposure to Cr+6 requires
measuring the Cr concentration inside a blood cell such as red
blood cells or white blood cells [5]. The reason for this is because
Cr(III) will not enter cells but Cr+6 is actively transported into
cells and any Cr inside the cell is assumed to have been Cr+6. Cr
+6 is the only toxic agent that becomes safer after it is taken up
by plants or animals since these can be consumed by humans.
This is because all the Cr+6 has been converted to the non-toxic
Cr(III) [2]. Chromate is known to cause lung, GI cancers such as
small intestinal and liver cancers, pancreatic and stomach
cancers [2,6,7]. Chromate is the only metal carcinogen that
forms adducts with DNA and exhibits significant mutagenic
activity directly [2].
Arsenic causes lung, bladder, liver, skin, and colon cancers [8,9].
Oxidative stress is the major mechanism for arsenic induced
cancers, although inhibition of DNA repair via disruption of 3S
and 4S Zn fingers, epigenetic effects including polyadenylation
of canonical histones are also important mechanisms of As
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carcinogenesis [8,10-12]. The polyadenylation of canonical
histone H3.1 results in more H3.1 protein which differs from
H3.3 (a non-canonical histone) by 5 amino acids. H3.3 is found
in active promoters enabling gene expression and is displaced
when H3.1 is polyadenylated because arsenic causes stem loop
binding protein to be degraded and canonical histones cannot
be processed without a poly A tail. The polyadenylation
increases the stability of the mRNA and causes more H3.1
protein to be produced, which in turn knocks out H3.3 from
promoters and other sites in chromatin [8,12]. Arsenic is the
only metal that is metabolized by methylation in the liver and
other tissues [8]. The methylation of As increases the inherent
toxicity of the arsenic (As) compound thus monomethyl and
dimethyl arsenite are more toxic than inorganic arsenite [8]. The
methylation of arsenite also increases its lipid solubility and will
enhance its delivery to the brain but it also increases the
excretion of arsenic from the body and thus humans who
become resistant to arsenate and arsenite have greater liver
methylation capacity [8].
Cadmium is well established as a lung carcinogen in humans.
However there are other human cancers associated with
cadmium (Cd) exposure including prostate, kidney, Breast, (Cd
is estrogenic) urinary bladder [13]. Kidney, breast and pancreas
human cancer data are stronger than that of prostate and
bladder [13]. Over all, cadmium exposures of laboratory animals
causes tumors of the hematopoietic system (leukemia and
lymphoma), local sarcoma, and cancers of the adrenal gland,
liver, lung, kidney, pancreas, pituitary, prostate, and testis [13].
Mechanism of Cd carcinogenesis also involve oxidative stress
and it also has a very long half-life in vivo because it is tightly
bound to metallothionein [13]. Cd also interferes with Zn
fingers and in particular is very active at displacing Zn, since
they both chemically very similar.
Water insoluble nickel sulfides and oxides are highly
carcinogenic to humans causing nasal and lung cancers [14].
These water insoluble Ni compounds have induced lung cancers
in the NTP study but water soluble Ni compounds were not
carcinogenic [15,16]. These carcinogenic nickel compounds such
as crystalline nickel subsulfide and sulfide are taken up into cells
by phagocytosis while non-carcinogenic water insoluble
compounds are not taken up into cells [17,18]. This is caused by
the surface charge of the particles; those having negative surface
charge are phagocytized while those with a positive charge are
not [19-21]. In fact, if the surface charge of the particles is
changed from positive to negative based on zeta potential, then
the particle is taken up by phagocytosis and becomes
carcinogenic [22]. The entry of a large nickel containing particle
into the cell results in dissolution of Ni ions in lysosomes and
vacuoles and intracellular Ni reaches very high levels. Although
Ni ions can enter cells by the Fe/Mn transporter DMT1, this
pathway does not cause large accumulation of intracellular Ni
because soluble Ni compounds are rapidly cleared from tissues.
The intracellular mechanisms of Ni ion carcinogenesis involves
the inhibition of the Fe containing dioxygenase enzymes [23,24].
These enzymes all have Fe in their active site that is coordinated
to 2 histidinesand a carboxylic facial triad. The Fe is pentacoordinated allowing one site for binding of molecular oxygen
which is split in the reaction to yield hydroxylation of proline or
J Carcinog Mutagen, Vol.11 Iss.4 No:1000354

arginine or demethylation of nitrogen. Ni is able to inhibit the
oxygens sensor prolyl hydroxylase whose hydroxylation of HIF1
alpha at a proline residue in the oxygen dependent domain
targets it for degradation. Thus, exposure to Ni or Co will
displace the Fe in the active site of the prolyl hydroxylase causing
accumulation of HIF-1 and a change in the genes expressed to
create a hypoxic state under normal oxygen tension. Other
enzymes that are dioxygenases are also inhibited by Ni and these
include the Tet protein, histone demethylases, and FTO a DNA
demethylase [16,25]. In addition to these effects of Ni, this metal
can also induce silencing of genes that are located near
heterochromatin [26]. The mechanism involves the ability of Ni
to condense heterochromatin better than Mg ions resulting in
the spreading of condensation and silencing of genes near
heterochromatin [26].
Exposure to these carcinogens also induce neurotoxicity, likely
through similar mechanisms. Neurotoxicity refers to damage to
nervous tissue in the peripheral nervous system and/or central
nervous system. Dysfunction of the peripheral nervous system
can diminish motor function and autonomic neuropathy.
Damage to the central nervous system (brain and spinal cord)
alters cognitive function as well as sensation and movement.
While various metals, including these carcinogenic metals, can
be excreted from peripheral systems, the nervous system is more
vulnerable to metal toxicity as it readily accumulates metals. The
nervous system is vulnerable to foreign substances (i.e.
xenobiotics) due to the complexity of the central nervous system
due to the high metabolic rates of the neurons, myelination, and
physical barriers, such as the blood-brain barrier and the choroid
plexus. As such, carcinogenic metals may contribute to
neurodegeneration by altering the blood-brain barrier or
traversing it. The choroid plexus, which generates cerebrospinal
fluid and acts as a filter to remove xenobiotics and waste, relies
on calcium homeostasis that can be disrupted by foreign, nonessential metals. This review article will explore the carcinogenic
metal compounds in neurotoxicity within the brain.
CHROMIUM TOXICITY TO THE BRAIN

Although there are many studies that examined the effect of
chromate on the brain in developing embryos, this review
focuses on the effect of chromate on adult animals or humans.
Chromium oxide nanoparticles (Cr2O3 NPs) have a wide range
of applications in industry. They are used as pigments, catalysts,
wear-resistant or high-temperature-resistant coating material and
are used in liquid crystal displays. Chromium compounds can
enter the body via ingestion or pass through the intranasal
cavity, which is rich in highly vascularized and possesses a highly
permeable membrane [27]. When absorbed through the
intranasal cavity allows for quick entry into the brain, olfactory
nerves, and trigeminal nerves [28]. A study was conducted to
evaluate biochemical changes and histopathological alterations
in the kidneys and brain of rats, following exposure to Cr2O3
NPs. Male Wistar rats were divided into low-dose (50
microg/100 g body weight) and high-dose (200 microg/100 g
bwt) groups. Each group type received oral Cr2O3 NPs for
single dosing, once daily for 7 days and once daily for 14 days,
respectively. In the kidneys and brain of Cr2O3 NPs-exposed
animals, reactive oxygen species production caused a significant
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increase in malondialdehyde concentration along with a
significant decrease in superoxide dismutase and glutathione
levels, as compared to controls [29].
The toxic effects of Cr (VI) to zebrafish at environmental
concentrations (2mg/L) was studied. The genotoxic potential of
Cr (VI) in erythrocytes revealed an increase in frequency of
micronucleated erythrocytes along with blebbed, lobed and
notched nuclei [30]. Histological alterations in brain, elevated
GSH and MDA content and increased catalase activity indicated
oxidative stress-mediated brain damage. This was further
confirmed through expressional alteration of Ucp2 and
upregulation of Nrf2, Nqo1 and Ho1 indicating the
involvement of Nrf2-ARE system in a oxidative stress response
to Cr(VI) induced neurotoxicity [30]. The transcriptional
induction of apoptotic genes such as Bax, Caspase 9 and
Caspase 3 along with downregulation of Bcl2 indicated that the
cytoprotective system failed to mitigate the induced stress. There
was also upregulation of AChE gene which correlated with the
upregulated apoptotic genes. The induction of nuclear
anomalies in the erythrocytes can serve as extremely sensitive
endpoints of toxicological stress indicators of aquatic
contaminants like Cr(VI) [30].
There are many studies that show sublethal doses of chromate
salts injected intraperitoneally in rats and rabbits results in the
presence of a substantial amount of chromium to the brain [31].
A study investigated the contents of trace elements and entry of
chromate into the brain and serum of male chickens and
whether Se can suppress the entry and toxicity of chromate in
the brain. 22.14 mg/kg K2Cr2O7 with 0.00, 0.31, 0.63, 1.25,
2.50, and 5.00 mg/kg Na2SeO3 mg/kg B.W was used in the
drinking water daily. After 14, 28, and 42 days of exposure, the
brain and serum of chickens from each group were collected and
levels of metals were measured by ICP-MS. The contents of Cr
increased both in the brain and serum in a time dependent
manner. Cr contents in the brain and serum decreased with Se
co-exposure [32]. In another study, the effect of selenium against
oxidative stress induced by chromium in the cerebrum and
cerebellum was studied in female Wistar rats. Animals were
randomly divided into four groups with 6 rats per group. Group
1 served as control, group II received drinking water with
K2Cr2O7 alone (700 ppm); group III received both
K2Cr2O7and Se (0.5 mg Na2SeO3/kg of diet); and group IV
received Se (0.5 mg/kg of diet) for 3 weeks [33]. The exposure of
rats to K2Cr2O7 promoted oxidative stress in the cerebrum and
cerebellum with an increase in malondialdehyde and a decrease
of antioxidants such as glutathione, nonproteinthiol, and
vitamin C [33]. An increase of catalase, glutathione peroxidase,
and superoxide dismutase activities was also observed.
Acetylcholinesterase activity was inhibited after treatment with
K2Cr2O7. Co-administration of Se restored all the parameters
mentioned above and histopathological findings were used to
confirmed the biochemical results [33].
Potassium dichromate was given to female Swiss mice (25 mg/kg
per day) orally in water for 1-3 days. Brain homogenates were
used to evaluate antioxidant levels and the extent of lipid
peroxidation. In addition, mitochondrial fractions were isolated
from brain homogenates to determine the production of
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reactive oxygen species. The administration of potassium
dichromate for 3 days caused increases of 72 and 74% in
superoxide dismutase and catalase activities, respectively, in the
brain homogenates. The treatment with this metal for 3 days
increased brain homogenate chemiluminescence and
thiobarbituric acid-reactive substances by 34 and 29%,
respectively. The brain contents of the non-enzymatic
antioxidants alpha-tocopherol and sulfhydryl groups decreased
by 35 and 32%, respectively. Ascorbic acid levels were not
modified by potassium dichromate. Finally, there was a
significant increment in the mitochondrial production of
oxidants in the brain of treated mice. These results suggest that
chromium (VI) produces an increased formation of reactive
oxygen species and brain lipid peroxidation. The increase in the
antioxidant enzyme activities reflects an adaptive response
against oxidative stress, while the reduction in the levels of nonenzymatic antioxidants might be due to their reaction with
reactive oxygen species generated during the metabolism of
chromium(VI) [34].
Beside its hazardous effects on the lungs, brain injury could be
induced by the absorption of substances through the nasal
membrane which provides a direct delivery to the brain [35].
The distribution and the effects of Cr in both brain and lung
following the intranasal instillation of potassium dichromate in
rats has been investigated. Simultaneously, the intraperitoneal
rat model of acute Cr-toxicity was used for comparison with the
intranasal exposure [35]. Thirty male Wistar rats were randomly
placed into five groups (n=6); each received a single dose of
saline, ip chromate (15 mg/kg), or chromate intranasally at three
dose levels: 0.5, 1, or 2 mg/kg [35]. Locomotor activity was
assessed before and 24 h after chromate administration. The
lungs and brain were collected for biochemical,
histopathological, and immunohistochemical investigations.
Treatment of rats with ip chromate resulted in a 36% and 31%
of the injected dose of Cr delivered to in the brain and lung,
respectively. With intranasal chromate-treated rats, brain, Cr
levels increased in a dose-dependent manner to reach 46% of
the instilled highest dose. Moreover, only this high dose of
intranasal chromate resulted in a delivery of a significant
concentration of Cr (42%) to the lungs. The uppermost
alteration in the rats locomotor activity as well as in the brain
and lung histopathological features and contents of oxidative
stress biomarkers, interleukin-1beta (IL-1beta), phosphorylated
protein kinase B (PKB), and cyclooxygenase 2 (COX-2) were
observed in the rats treated intranasally with chromate (2 mg/
kg). The findings revealed that these toxic manifestations were
directly proportional to the delivered concentration of Cr to the
tissue. In conclusion, the study showed that a comparably higher
concentrations of Cr and more elevated levels of oxidative stress
and inflammatory markers were observed in brain and lung
tissues of rats subjected to intranasal at a dose that is 13% that
given IP. Therefore, the study suggests a high risk of braintargeting injury among individuals environmentally or
occupationally exposed to Cr dust intranasally, even at low
doses, and also an additional risk of lung injury with higher Cr
concentrations [35]. Chrome platers for example develop
chrome holes in their nasal septum suggesting that a significant
portion may enter the body by the intranasal route [2].
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In addition to hexavalent chromate trivalent chromate has also
been shown to enter the brain and produce toxicity at this site.
An experiment was conducted to investigate oxidative stress in
chickens exposed to various concentrations of chromium
trichloride (CrCl3) in drinking water. Seventy-two Hylan Brown
male chickens were randomly divided into four groups: three
experimental groups and one control group [36]. The
experimental groups were exposed to three different doses in
their drinking water (50% LD50, 25% LD50, and 12.5% LD50)
of CrCl3 mg/kg body weight for 42 days, while the control
group was given the equivalent water. The activities of
superoxide dismutase, catalase, and glutathione peroxidase and
non-enzymatic antioxidants (glutathione, total antioxidant
capacity, malondialdehyde, and hydrogen peroxide) were
measured after obtaining brain samples. Results suggested that
50% LD50 chromium(III) significantly increased (p<0.05) the
contents of malondialdehyde and hydrogen peroxide [36]. The
antioxidant enzyme activities, total glutathione concentration,
and total antioxidant capacity decreased significantly (p<0.05)
compared with those of the controls and were consistent with
the increase in dosage and time. Additionally, extensive
histological alterations were observed in the chicken brain, such
as the vacuolization and nuclear condensation of the neurons.
These results indicated that exposure to high-dose CrCl3 for a
certain time could induce the occurrence of oxidative stress and
histological alterations in the brain of chickens [36].
Another study investigated the effects of supplemental
chromium picolinate (CrPic) and chromium histidinate (CrHis)
on nuclear factor-kappa B (NF-kappaB p65) and nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) signaling pathway in diabetic
rat brain. Nondiabetic (n=45) and diabetic (n=45) male Wistar
rats were either not supplemented or supplemented with CrPic
or CrHisvia drinking water to consume 8 mug elemental
chromium (Cr) per day for 12 weeks. Diabetes was induced by
streptozotocin injection (40 mg/kg i.p., for 2 weeks) and
maintained by high-fat feeding (40%) [37]. Diabetes was
associated with increases in cerebral NF-kappaB and 4hydroxynonenal (4-HNE) protein adducts and decreased in
cerebral nuclear factor of kappa light polypeptide gene enhancer
in B cells inhibitor, alpha (IkappaBalpha) and Nrf2 levels. Both
Cr chelates were effective to decrease levels of NF-kappaB and 4HNE protein adducts and to increase levels of IkappaBalpha
and Nrf2 in the brain of diabetic rats [37]. However, responses
of these increases and decreases were more notable when Cr was
supplemented as CrHis than as CrPic. In conclusion, Cr may
play a protective role in cerebral antioxidant defense system in
diabetic subjects via the Nrf2 pathway by reducing inflammation
through NF-kappaB p65 inhibition. Histidinate form of Cr was
superior to picolinate form of Cr in reducing NF-kappaB
expression and increasing Nrf2 expression in the brain of
diabetic rats [37].
Another study was designed to investigate the susceptibility of
liver and brain tissues, as insulin-dependent tissues, of normal
adult male rats to the oxidative challenge of subchronic
supplementation with chromium picolinate (CrPic) at low
(human equivalent) and high doses (2.90 and 13.20 mug Cr
kg(-1) day(-1), respectively) [38]. Also, the modulative effect of
CrPic administration on the enhanced oxidative stress in the
J Carcinog Mutagen, Vol.11 Iss.4 No:1000354

liver and brain tissues of alloxan-diabetic rats was investigated.
Fasting serum glucose level was not modified in normal rats but
significantly reduced in diabetic rats that had received CrPic
supplement. A mild oxidative stress was observed in the liver
and brain of CrPic-supplemented normal rats by a dosedependent reduction in the levels of hepatic and cerebral free
fatty acids, superoxide dismutase and glutathione peroxidase
activities, and increased tissue malondialdehyde concentration.
On the other hand, hepatic and cerebral catalase activity was
reduced in the high dose group only. CrPic supplementation
did not act as a peroxisome proliferator confirmed by the
significant reductions in liver and brain peroxisomalpalmitoyl
CoA oxidase activity [38]. The non significant alterations in liver
protein/DNA and RNA/DNA ratios indicate that CrPic did
not affect protein synthesis per cell, and that mild elevations in
hepatic total protein and RNA concentrations might be due to
block or decrease in the export rate of synthesized proteins from
the liver to the plasma. In diabetic rats, elevated levels of hepatic
and cerebral free fatty acids and malondialdehyde, and in
contrast the overwhelmed antioxidant enzymes, were
significantly modulated in the low dose group and nearnormalized in the high dose group [38]. The significant
increases observed in liver total protein and RNA
concentrations, as well as protein/DNA and RNA/DNA ratios
in diabetic rats supplemented with the high dose of Cr,
compared to untreated diabetics, may be related to the
improvement in the glycemic status of the diabetic animals
rather than the direct effect of CrPic on protein anabolism [38].
Although, Cr(III) is no longer on the list of minerals necessary
for the proper functioning of the human body, and its
pharmacological effect is still unclear, a proposed purposes of
Cr(III) administration is to use it in patients with mood
disorders and this effect is strictly related to its pharmacological,
not dietary effect [39]. This is because high doses are necessary
to obtain such results and additionally, no deficiencies in
human population have been noted [39]. In a study, the affinity
of chromium(III) to selected receptors and transporters in the
rat brain was evaluated, and the effect of the 14 days
administration of this metal was assessed on the density of
selected receptors. All analyses were performed in vitro using
radioligand binding assays, and the results indicated lack of
affinity to beta1 and alpha1 receptors and serotonin transporter
(SERT), furthermore very weak affinity to the 5-HT1A receptor
(30% inhibition at 10(-4) and 10(-5) M). [39]. Analysis of the
alpha1 and beta1 adrenergic receptor density indicated lack of
any adaptive effects after 14 days of Cr(III) administration
through intraperitoneal injections (doses 6 and 12 mg/kg). The
antidepressant activity of chromium(III) suggested in clinical
trials involved patients with atypical, seasonal, or dystonic
symptoms. This effect does not depend on direct affinity to
serotonin receptors and transporter nor is the result of adaptive
changes in the adrenoreceptor system [39].
CADMIUM AND THE BRAIN

There is no question that Cd exposure during development and
in early life enters the brain and produces a strong oxidative
stress response damaging brain tissue. However, this review has
focused on the effect of Cd in adult animals or humans.
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Cadmium can enter the body through various mechanisms to
induce neurotoxicity. When inhaled, Cd can affect the olfactory
neurons and accumulate in the olfactory bulb before entering
the brain, or accumulate in the lungs and enter circulation to
damage the blood brain barrier. Although many investigators
believe that Cd cannot cross the blood brain barrier in adults
male albino rats of 21 days age were exposed to 10 p.p.m.
cadmium (CdCl2 salt) in drinking water, ad libitum, for 90 days
[40]. Brain cadmium levels increased by 76% (p<0.05) and 165%
(p<0.001) respectively at 30 and 90 days of exposure compared
to controls. Cadmium increased blood-brain barrier
permeability of fluoroscein dye (24%, p<0.02) and the levels of
brain microvessel malondialdehyde (31%, p<0.01) at 90 days of
exposure. However, these parameters did not alter significantly
at 30 days of exposure. Increased activities of microvessel
superoxide dismutase (18%, p<0.02), glutathione peroxidase
(20%, p<0.01) and catalase (28%, p<0.01) were observed at 30
days of exposure. The continuation of the Cd treatment for 90
days decreased the levels of superoxide dismutase (30%,
p<0.001), glutathione peroxidase (23%, p<0.005), catalase (25%,
p<0.005), glutathione reductase (18%, p<0.02), vitamin E (20%,
p<0.01), glutathione (26%, p<0.01), ascorbic acid (18%, p<0.05)
and ceruloplasmin (13%, p<0.05) in the microvessal preparation
compared to controls (40). It appears that Cd-induced bloodbrain barrier dysfunction may be related to the depletion of
microvessel antioxidant substances along with increase in lipid
peroxidation at 90 days of exposure [40].
Cadmium (Cd) is a highly toxic environmental pollutant
released from the smelting and refining of metals and cigarette
smoking. Oral exposure to cadmium may result in adverse
effects on a number of tissues, including the central nervous
system (CNS) [41]. In fact, its toxicity has been related to
neurological disorders, as well as neurodegenerative diseases
such as Alzheimer's and Parkinson's diseases. Under normal
conditions, Cd barely reaches the brain in adults because of the
presence of the blood-brain barrier (BBB); however, it has been
demonstrated that Cd-dependent BBB alteration contributes to
pathogenesis of neurodegeneration [41]. However, the
mechanism underlying Cd-dependent BBB alteration remain
obscure. The signaling pathway of Cd-induced tight junction
(TJ), F-actin, and vimentin protein disassembly in a rat brain
endothelial cell line (RBE4). RBE4 cells treated with 10 muM
cadmium chloride (CdCl2) showed a dose and time-dependent
significant increase in reactive oxygen species (ROS) production.
This phenomenon was coincident with the alteration of the TJ
zonula occludens-1 (ZO-1), F-actin, and vimentin proteins. The
Cd-dependent ROS increase elicited the upregulation of GRP78
expression levels, a chaperone involved in endoplasmic
reticulum (ER) stress that induces caspase-3 activation (41).
Further signal profiling by the pannexin-1 (PANX1) specific
inhibitor (10) Panx revealed a PANX1-independent increase in
ATP spillage in Cd-treated endothelial cells. The results point
out that a ROS-dependent ER stress-mediated signaling pathway
involving caspase-3 activation and ATP release is behind the
BBB morphological alterations induced by Cd [41].
Cadmium accumulation and metallothionein (MT) expression
were studied in brains of adult mice as well as at different stages
of development [42]. MT expression was also studied in the eye
J Carcinog Mutagen, Vol.11 Iss.4 No:1000354

of adult mice as well as at different stages of development [42].
Using northern blot analysis with total RNA, MT mRNAs were
not detected in day 16 through day 18 embryos or in postnatal
animals up to day 14. Detectable expression of MT-I,-II, and-III
mRNAs was obtained in brains of 30 and 60 days old mice [42].
The expression of MT-III mRNA appeared to be much stronger
in adults (12 weeks old or more) than in 30 and 60 days old
animals. In contrast, there was similar expression of MT-I and-II
in 30 and 60 days old mice. Cd distribution to brain was found
to decrease with age; the brains of 7 days old mice contained
about 4-times more Cd than that of adult mice. Thus, an inverse
correlation was observed between MT expression and Cd
accumulation in brain [42]. Although Cd is known to be bound
to MT and one would have expected more Cd with increasing
MT it is likely that the ability of Cd to penetrate the brain
during development may override the ability of higher levels of
MT to sequester more metal in the brain [42].
Male albino rats of 21 days age were exposed to 10 p.p.m.
cadmium (CdCl2 salt) in drinking water, ad libitum, for 90 days.
Brain cadmium levels increased by 76% (p<0.05) and 165%
(p<0.001) respectively at 30 and 90 days of exposure compared
to controls [40]. Cadmium increased blood-brain barrier
permeability of fluoroscein dye (24%, p<0.02) and the levels of
brain microvessel malondialdehyde (31%, p<0.01) at 90 days of
exposure. However, these parameters were not alter significantly
at 30 days of exposure. Increased activities of microvessel
superoxide dismutase (18%, p<0.02), glutathione peroxidase
(20%, p<0.01) and catalase (28%, p<0.01) were observed at 30
days of exposure. The continuation of the Cd treatment for 90
days decreased the levels of superoxide dismutase (30%,
p<0.001), glutathione peroxidase (23%, p<0.005), catalase (25%,
p<0.005), glutathione reductase (18%, p<0.02), vitamin E (20%,
p<0.01), glutathione (26%, p<0.01), ascorbic acid (18%, p<0.05)
and ceruloplasmin (13%, p<0.05) in the microvessal preparation
compared to controls. It appears that Cd-induced blood-brain
barrier dysfunction may be related to the depletion of
microvessel antioxidant substances along with increase in lipid
peroxidation at 90 days of exposure [40].
Cadmium chloride-induced DNA damage was investigated in
individual brain, kidney and liver cells isolated from rats gavaged
14 mg/kg/day cadmium chloride [43]. Animals were sacrificed
on days 2, 4, 8, 16, and 33, and DNA damage was determined
using an alkaline microgel electrophoresis technique. Data for
DNA migration from 50 randomly selected cells clearly show
significant increases in DNA damage in cells from three
different organs of cadmium chloride gavaged animals compared
to saline treated control animals (33 day control, brain
64.7+/-5.3, kidney 75.5+/-9.4, liver 67.9+/-5.7 microm; 33 days
experimental, brain 284.3+/-16.9, kidney 397.9+/-11.3, liver
315+/-22.5 microm; these values represent length of exposure in
days and length of DNA migration in micron. There was an
increase in DNA damage for all three cell types, with increasing
duration of treatment. Cadmium induced levels of DNA single
strand breaks were more pronounced in kidney cells than in
cells from the other two organs. Body and organ weights
decreased of treated animals were decreased as compared to
control. Results of this study indicate a potential of cadmium to
be a genotoxic compound [43].
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Many plant foods are rich sources of rutin, a flavonoid with
many biological activities and health benefits. Exposure to
cadmium has been implicated in neurotoxicity and cognitive
dysfunction in animal models [44]. However, there is a little
information available on the effect of rutin on the cadmium
bioavailability in the brain. Animals were divided into six groups
(n=6): group 1 served as control, groups 2 and 3 are normal rats
received 25 and 50 mg/kg of rutin respectively, group 4 received
cadmium (5 mg/kg), while groups 5 and 6 are cadmium-exposed
rats treated with 25 and 50 mg/kg rutin respectively via oral
administration for 21 days. Rutin was administered 30 min after
cadmium administration each day. The spatial working memory
of the exposed and treated rats was assessed using Morris water
maze and Y-Maze tasks. Furthermore, the residual level of
cadmium ion in the brain of the rats was estimated. The
cholinesterase (AChE and BChE) activities and nitric oxide level
were determined and level of oxidative stress markers (ROS and
MDA) was assessed. Results revealed that rutin significantly
reduced cadmium bioavailability in the brain [44]. Cadmium
increased cholinesterase (AChE and BChE) activities and level
of oxidative stress markers in the brain, with a concomitant
decrease in nitric oxide level. However, treatment with rutin
decreased cholinesterase activities and the level of oxidative
stress markers in cadmium-exposed rats. Also, rutin improved
spatial working memory and learning processes as revealed by
Morris water maze and Y-Maze tasks. Conclusively, rutin could
be considered to possess cognitive-enhancing properties possibly
through alterations of cadmium bioavailability in the brain of
cadmium-exposed rats [44].
Whereas cadmium is a toxicant that has been shown to cause
cardiovascular toxicity and mortality in mammals, few
mechanistic studies address its acute circulatory actions. The
present study assessed the hypothesis that cadmium effects dosedependent acute circulatory fates via differential participation of
the cardiovascular regulatory mechanisms in brain [45]. In
Sprague-Dawley rats maintained under propofol anesthesia,
cadmium acetate (8 mg/kg, iv) induced significantly high
mortality rate within 10 min, concomitant with progressive
decline toward zero level of mean arterial pressure (MAP), heart
rate (HR), baroreflex-mediated sympathetic vasomotor tone, and
carotid blood flow (CBF). There were concurrent tissue anoxia,
cessation of microvascular perfusion, reduction of
mitochondrial membrane potential and ATP production, and
necrotic cell death in the rostral ventrolateral medulla (RVLM),
the brain stem site that maintains blood pressure and
sympathetic vasomotor tone (45). On the other hand, a lowerdose of cadmium (4 mg/kg, iv) resulted in only a transient
decrease in MAP that was mirrored by an increase in CBF and
baroreflex-mediated sympathetic vasomotor tone, minor changes
in HR, along with transient hypoxia, and apoptotic cell death in
RVLM. Cadmium elicits dose-dependent acute cardiovascular
effects with differential underlying biochemical and neural
mechanisms. At a higher-dose, cadmium induces high mortality
by effecting acute cardiovascular collapse via anoxia, diminished
tissue perfusion, mitochondrial dysfunction and bioenergetics
failure that echo failure of cerebral autoregulation, leading to
necrosis, and loss of functionality in RVLM [45]. On the other
hand, a lower-dose of cadmium elicits low mortality, transient

J Carcinog Mutagen, Vol.11 Iss.4 No:1000354

decrease in arterial pressure, and hypoxia and apoptosis in
RVLM that reflect sustained cerebral autoregulation.
To investigate the underlying mechanism of neurotoxicity of
cadmium, the effects of intraperitoneal injection of cadmium on
messenger RNA (mRNA) expression of Bcl-2 (B-cell lymphoma
2) and Bax (Bcl-2-associated x) genes and caspase-3/7 activation
in rat hippocampus and frontal cortex [46]. Twenty-eight male
Wistar rats weighing 200-250 g were randomly divided into four
groups. Control group received saline and three other groups
received cadmium at doses of 1, 2 and 4 mg/kg (body weight)
for 15 successive days. One day after the last injection, the
hippocampus and frontal cortex were dissected and removed
and then the expression of Bcl-2 and Bax genes was evaluated
using real-time polymerase chain reaction and apoptotic studies
was done using caspase-3/7 activation assay (46). Cadmium
reduced the mRNA level of Bcl-2 in the control group at doses
of 1 (p<0.01), 2 and 4 mg/kg ( p<0.001) in rat hippocampus and
cortex cells [46]. The mRNA level of Bax increased significantly
compared to the control group at the doses of 1 (p<0.05), 2 and
4 mg/kg (p<0.001) in rat hippocampus. The mRNA level of Bax
was increased significantly compared to the control group at the
doses of 2 and 4 mg/kg (p<0.001) in rat cortex cells. Cadmium
increased caspase-3/7 activity at doses of 1, 2 and 4 mg/kg in rat
hippocampus. Caspase-3/7 activity was increased significantly at
dose of 4 mg/kg in rat cortex. This decreased Bcl-2/Bax mRNA
ratio induces cell apoptosis. Apoptotic effect of cadmium may be
through the mitochondrial pathway by the activation of
caspase-3/7 [46].
Cadmium (Cd) exposure can induce acute lethal health-related
threats in humans since it has an exceptional ability to
accumulate in living organism tissues and cause toxicological
effects. Curcumin (Cur) on the other hand has a wide variety of
biological activities and several studies have suggested its
potential therapeutic or protective effects against several
ailments and infections. To study the effect of Cur on the
toxicity of Cd, Swiss-Webster strain male and female mice (sixty
each) were divided into 6 groups of ten each at random.
Group-1 served as the naive control and received no treatment.
Group-2, 3 and 4 were the experimental controls and were
administered once a day with a single oral dose of 50% dimethyl
sulfoxide (DMSO), Cur (300 mg/kg) or Cd (100 mg/kg)
respectively, for 2 weeks. Group-5 and 6 received Cur and Cd in
combination once a day orally for 2 weeks except that Cur in a
dose of 150 and 300 mg/kg to group 5 and 6 respectively, was
administered one hour before Cd administration to both groups
[47]. After treatment period, the male animals were subjected to
social standard opponent test and females were subjected to the
tube restraint tests and thereafter, their blood was collected to
measure the blood composition indices and level of reproductive
hormones. The animals were sacrificed to collect their brain for
the estimation of acetylcholinesterase (AChE). Results indicated
that Cd significantly increased nonsocial activities in males and
latency to first bite in females, whereas the social activities in
males and the number of bites in females were significantly
decreased. All measured indices of blood composition and levels
of progesterone (female) and testosterone (male) in blood and
AChE in their brain tissues were significantly decreased due to
Cd treatment. However, administration of Cur along with Cd
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had an ameliorating effect on all the behavioral and biochemical
parameters studied herein and reduced the toxicity of Cd
significantly and dose-dependently. Thus, Cur may be beneficial
for general health and for protection from Cd intoxication [47].
ARSENIC AND THE BRAIN

Arsenic is identified as a known carcinogen and ubiquitously
exists in nature. It appears that accumulation of inorganic
arsenic (iAs) and its methylated metabolites in various tissues is
closely correlated with the long-term toxicity and carcinogenicity
of this metalloid. Although there are many studies showing that
arsenic effects the brain in developing embryos, this review has
focused on studies showing the effect of arsenic in adult animals
or humans. Arsenic exposure is associated with encephalopathy
and neuropathy. Analysis of various arsenic species in murine
tissues, especially in the cerebral cortex, cerebellum, and
hippocampus, were determined after long-term exposure to 25,
50, 100, and 200 mg/L sodium arsenite in drinking water for 1
and 12 months [48]. Data showed that the amount of total
arsenic (TAs) increased in an obvious dose-dependent manner
in various tissues, and total As levels were in the order of
urinary bladder>brain>lung>liver>kidney>spleen. Furthermore,
iAs(III) and DMA could be observed in all tissues and brain
regions with DMA being the predominant metabolite. The
bladder, brain, and lung contained the higher levels of DMA,
while the liver, kidney, and spleen accumulated a higher
proportion of iAs(III). MMA was preferentially accumulated in
the lung and bladder of mice regardless of arsenic exposure
doses or duration. Higher levels of MMA were observed in the
hippocampus, which was distinguished from the cerebral cortex
and cerebellum. Together with these results, this study clearly
demonstrates that the accumulation of iAs and its methylated
metabolites is tissue-specific and even not homogeneous among
different brain regions in mice by long-term exposure to
arsenite. The study thus provides crucial information for
recognizing arsenical neurotoxicity, and reducing the
uncertainty in the risk assessment for this toxic metalloid [48].
Although most of the methylated arsenic is thought to come
from the liver other tissues including the brain have the
Asmethylating enzyme arsenic methyl transferase.
Another study examined the associations between arsenic
exposure and adult cognitive impairment using the Mini-Mental
State Examination (MMSE) and the serum levels of brainderived neurotrophic factor (BDNF), a potential biomarker of
cognitive health status [49]. A cross-sectional study recruited 693
adult (18-60 years old) subjects from the areas of low and high
arsenic exposure in rural Bangladesh. The subjects' arsenic
exposure levels (drinking water, hair, and nail arsenic
concentrations) were measured by inductively coupled plasmamass spectroscopy. The Bangla version of the MMSE was used as
a cognitive assessment tool. Serum BDNF (sBDNF) levels were
assessed by immunoassay. The average MMSE score and sBDNF
level of the subjects in arsenic-endemic areas were significantly
(p<0.001 for both) lower than those of the subjects in nonendemic area. Analyses revealed that both MMSE scores and
sBDNF levels were decreased with the increasing concentrations
of arsenic in drinking water, hair, and nails in a dose-dependent
fashion. In regression analyses, significant associations of arsenic
J Carcinog Mutagen, Vol.11 Iss.4 No:1000354

exposure metrics with MMSE scores and sBDNF levels were
observed even after adjustment for several variables. MMSE
scores showed a significantly positive correlation with sBDNF
levels. The findings demonstrate that chronic exposure to
arsenic dose-dependently decreases cognitive function in adults,
with a concomitant reduction of sBDNF levels. A decreased
BDNF level may be part of the biochemical basis of chronic
arsenic exposure-related cognitive impairment [49].
A study was conducted to evaluate the neurotoxic effect of
arsenic in Swiss albino mice and its amelioration by Vitamin E,
Coenzyme Q10 and their combination. Swiss albino mice were
treated with arsenic of 136 ppm for 15 days. The daily dose is
1/3 of LD 50 [50]. Thereafter, the animals were maintained
either on drinking water or treated with Vitamin E (50 mg/kg
bwt), Coenzyme Q10 (10 mg/kg bwt), and their combination by
i.p.daily for 15 days. After the treatment, animals were
sacrificed. The weight of the brain was marginally lower (ns), in
arsenic-treated group as compared to control and antioxidantprotected groups. Lipid peroxidation level was higher in arsenictreated group, A significant reduction was found in GSH level
in the brain of arsenic-treated mice whereas GSH level was
considerably higher in antioxidant groups. Further, total thiol
and total protein level were lower in arsenic-treated group.
However, total thiol was significantly higher in antioxidantprotected groups. Catalase activity was significantly lower while
SOD activity was marginally lowered in arsenic-treated group,
and it was slightly higher in antioxidant-protected groups [50].
Further, reduction in acetylcholinesterase, autyrylcholinesterase
and motor coordination activity were also observed in arsenictreated groups. Whereas, a higher AChE, BChE, and motor
coordination activity was observed in antioxidant-protected
group. These data indicate a positive role of selected antioxidant
against the toxicity of arsenic in the brain of mice.
Another study was carried out to investigate the molecular
mechanism of arsenic-induced mitochondrial oxidative damage
and its relation to biogenesis in rat brain. Chronic sodium
arsenite (25 ppm, orally) administration for 12 weeks decreased
mitochondrial complexes activities and mRNA expression of
selective complexes subunits [51]. The expression of
mitochondrial biogenesis regulator PGC-1alpha, and its
downstream targets NRF-1, NRF-2 and Tfam were decreased
significantly both at mRNA and protein levels suggesting
impaired biogenesis following chronic arsenic-exposure [51]. In
addition to this, protein expression analysis also revealed
activation of Bax and caspase-3, leading to translocation of
cytochrome c from mitochondria to cytosol suggesting induction
of apoptotic pathway under oxidative stress. This was further
confirmed by electron microscopy, which depicted
morphological changes in mitochondria including altered
nuclear and mitochondrial shape and chromatin condensation
in arsenic-treated rats [51]. The immunohistochemical studies
showed both nuclear and cytosolic localization of NRF-1 and
NRF-2 in arsenic-exposed rat brain further suggesting regulatory
role of these transcription factors in arsenic neurotoxicity.
Arsenic-induced mitochondrial oxidative damage was associated
with decreased mitochondrial biogenesis in rat brain that may
bean be an important target in the mechanism for arsenicinduced neurotoxicity [51].
7

Costa M, et al.

Using rodent models, it is possible to demonstrate As
accumulation in the brain that leads to defects in operant
learning, behavioral changes, and effect on pituitary
gonadotrophins. iAsbiomethylation in the CNS is a significant
process, yielding products that are more reactive and toxic than
the parent compound. Mice received 2.5, 5, and 10 mg/kg/day
sodium arsenite orally for 9 days [52]. The distribution of iAs
and its metabolites as well as the mRNA and protein expression
of arsenic (III) methyltransferase (AS3MT), which encodes the
key enzyme in iAs metabolism, was present in the cerebral
cortex, hippocampus, striatum, mesencephalon, thalamus,
cerebellum, hypothalamus, pons, medulla oblongata, and
pituitary of mouse brain [52]. Findings show that methylated As
metabolites are present in all brain regions studied suggesting
that AS3MT is ubiquitously expressed in the brain and it is not
inducible by arsenite. There is also a dose-related accumulation
of As species in all brain regions, with the highest accumulation
observed in the pituitary. The higher distribution of arsenicals
in pituitary can help to explain the neuroendocrine effects
associated with iAs exposure [52]. Although arsenic
methyltransferase protein and mRNA is present in different
brain regions the liver is clearly the major organ that methylates
arsenic.
Arsenic exposure induces overproduction of reactive nitrogen
species (RNS) in brain tissue and results in nucleic acid damage
to the nerve cells. The 8-nitroguanine is one of the major
products formed by the reaction of guanine, and ONOO-, and
has been used as a popular biomarker of nucleic acid damage
due to RNS attacking. In the present study examined whether
the administration of taurine can protect against nucleic acid
damage of brain neurons by arsenic-induced RNS [53]. Sixty
mice (30 male and 30 female) weighing 19.5+/-1.5 g were
divided into 3 groups: (1) control group, experimental group
that received arsenic (As2O3), and antagonistic group that
received taurine with arsenic. Arsenic was administered for 60
days. 8-Nitroguanine expressions in brain neurons of mice were
examined by the immunohistochemical method in cerebrum
and cerebellum of mice. In the control group, no abnormal
histopathological changes were observed in brain tissue. In
brains of mice exposed to arsenic, histopathological results
showed swells, evident vacuolar degeneration in cytoplasm,
karyorrhexis and karyolysis. Relatively light pathological changes
were observed in brain of the mice co-administered arsenic and
taurine. Little or no expression of 8-nitroguanine in brain tissue
was observed in controls. However, intensive expression of 8nitroguanine was found in brain tissue of mice exposed to
arsenic and it was mainly distributed in nucleus neighboring the
nuclear membrane, but also in cytoplasm. A weak expression of
8-nitroguanine was observed in brain cells of mice coadministered arsenic and taurine [53]. The brain neurons may
be the major target cells of arsenic neurotoxicity. Coadministration of arsenic and taurine can alleviate DNA damage
of brain neurons caused by arsenic through the RNS signal
pathway.
The understanding of the biomethylation process of arsenic is
essential to uncover the mechanisms of arsenic toxicity [54]. A
study analyzed the time course of arsenic species in the brain
and liver of adult mice, after a single oral administration of
J Carcinog Mutagen, Vol.11 Iss.4 No:1000354

three arsenate doses [2.5, 5.0 and 10 mg As(V)/kg].
Quantification of arsenic species was performed by means of
liquid chromatography coupled to atomic fluorescence 2, 5, 8,
12 and 24 h after administration. The results show that 2 h after
arsenate administration inorganic arsenic arrives to the liver and
its concentration diminishes gradually until becoming nondetectable at 12 h [54]. Arsenic takes longer to appear in the
brain and it is present only as dimethyl arsenic acid. Since
arsenic concentration decreases in liver while it increases in the
brain, this suggests that the arsenic metabolite reaches the brain
after formation in the liver. Importantly, the fact that dimethyl
arsenic acid is no longer present after 24 h suggests the existence
of a mechanism to clear this metabolite from brain tissue.
NICKEL AND THE BRAIN

Nickel (Ni) is an environmental pollutant towards which human
exposure can be both occupational (mainly through inhalation)
and dietary (through water and food chain-induced
bioaccumulation). The overexposure to nickel due to the
extensive use of it in modern technology remains a major public
health concern. The mechanisms of pathological effects of this
metal remain elusive. The nervous system is highly susceptible to
Ni toxicity as it may enter the brain through the blood-brain
barrier and the olfactory bulb to then accumulate in the cerebral
cortex and the brain as a whole. In evaluation the neurotoxic
effects of Ni we focused on studies using adult animals or
humans since developing animals or pup have poorly developed
blood brain barriers and many toxic metals may reach the brain
that could be excluded in adults. This is the case with lead for
example. A study was devoted to evaluate the effect of nickel on
the oxidative state of the brain cells of mice and to assess
whether zinc as redox state modulator could efficiently protect
cells against nickel's neurotoxicity [55]. As oxidative stress
biomarkers in the present study, the concentrations of reduced
glutathione, metallothioneins, and malondialdehyde and the
activity of the enzyme delta-aminolevulinatedehydratase were
utilized. For single metal exposure, mice were i.p. injected once
with solutions of NiCl2 and/or ZnSO4; repeated exposure was
performed i.p. injecting metal salt solutions for 14 days [55]. The
control mice received i.p. injections of saline. Results of our
study demonstrate that single and 14 days of Ni2+ exposure
decreased reduced glutathione and increased malondialdehyde
contents in the brain of mice. Repeated Ni2+ administration
significantly inhibited delta-aminolevulinatedehydratase while
increasing brain metallothionein concentration at both
exposure periods. Zinc exhibited a protective effect against
nickel-induced glutathione and lipid peroxidation in brain cells
of mice at both intervals of time, while repeated exposure to this
metal significantly raised the brain metallothionein content.
Repeated
Zn2+
pretreatment
protected
deltaaminolevulinatedehydratase from Ni2+-induced inhibition and
significantly increased metallothionein concentration at both
investigated time intervals [55]. It is not clear from this study
why Zn administration did not increase metallothionein but it
may be that because Zn is an essential nutrient and Ni is not the
body limits the amount of Zn that may be retained and enter
the brain.
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A study investigated the effects of short-term Ni-administration
(as NiCl2, 13 mg/kg) on the adult rat whole brain total
antioxidant status (TAS) and the activities of acetylcholinesterase
(AChE), Na+,K+-ATPase, and Mg2+-ATPase; in addition, the
potential effect of the co-administration of the antioxidant Lcysteine (Cys, 7 mg/kg) on the above parameters was studied
[56]. Twenty-eight male Wistar rats were divided into four
groups: A (saline-treated control), B (Ni), C (Cys), and D (Ni
and Cys). All rats were treated once daily with intraperitoneal
injections of the tested compounds, for 1-week. Rats were
sacrificed by decapitation and the above-mentioned parameters
were measured spectrophotometrically [56]. Rats treated with Ni
exhibited a significant reduction in brain TAS (-47%, p<0.001,
Bvs. A) that was efficiently limited by the co-administration of
Cys (-4%, p>0.05, Dvs. A; +83%, p<0.001, Dvs. B), while Cys
(group C) had no effect on TAS. The rat brain AChE activity
was found significantly increased by both Ni (+30%, p<0.001,
Bvs. A) andCys (+62%, p<0.001, Cvs. A), while it tended to
adjust to control levels by the co-administration of Ni and Cys
(+13%, p<0.001, Dvs. A;-13%, p<0.001, Dvs. B). The activity of
rat brain Na(+),K(+)-ATPase was significantly decreased by Niadministration (-49%, p<0.001, Bvs. A), while Cys
supplementation could not reverse this decrease (-44%, p<0.001,
Dvs. A). The activity of Mg2+-ATPase was not affected by Niadministration (-3%, p>0.05, Bvs. A), but was significantly
reduced when combined with Cys administration (-17%,
p<0.001, Dvs. A). The above findings suggest that Ni short-term
invivo administration causes a statistically significant decrease in
the rat brain TAS and an increase in AChE activity. Both effects
can be, partially or totally, reversed to control by Cys coadministration; Cyscould thus be considered as a potential
neuroprotective agent against chronic exposure to Ni. The
activity of Na(+),K(+)-ATPase that was inhibited by Ni, could not
be reversed by Cys co-administration [56,57]. Although Ni ions
bind to both cysteine and histidine, the affinity of Ni for
histidine is greater than cysteine, but these effects may not only
depend on chelation but also the antioxidant potential of Cys
and His.
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